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SUMMARY 


Force tests of a series of right circular cones having semivertex 
angles ranging from 5° to 45° and a series of right circular cone- 
cylinder configurations having semivertex angles ranging from 5° to 20° 
and an afterbody fineness ratio of 6 have been made in the Langley 
11- inch hypersonic tunnel at a Mach number of 6.83, & Reynolds number 
of 0.24 x 10^ per inch, and angles of attack up to 130°. 

An analysis of the results made use of the Newtonian and modified 
Newtonian theories and the exact theory. A comparison of the experi- 
mental data of both cone and cone-cylinder configurations with theoret- 
ical calculations shows that the Newtonian concept gives excellent pre- 
dictions of trends of the force characteristics and the locations with 
respect to angle of attack of the points of maximum lift, maximum drag, 
and maximum lift-drag ratio. Both the Newtonian and exact theories 
give excellent predictions of the sign and value of the initial lift- 
curve slope. The maximum lift coefficient for conical bodies is nearly 
constant at a value of 0.5 based on planform area for semivertex angles 
up to 30°. The maximum lift-drag ratio for conical bodies can be 
expected to be not greater than about 3*5, and this value might be 
expected only for slender cones having semivertex angles of less than 5 
The increments of angle of attack and lift coefficient between the maxi 
mum lift-drag ratio and the maximum lift coefficient for conical bodies 
decrease rapidly with increasing semivertex angles as predicted by the 
modified Newtonian theory. 


INTRODUCTION 


During the reentry of an orbital vehicle or missile into the ^.tmos 
phere, the flight attitude may be modulated with time through large 
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angles of attack for range control and for the alleviation of aerodynamic 
loading and heating. In addition, inadvertent maneuvers due to unpro- 
gramed or unforeseen perturbations, which may orient the vehicle in 
unus ual positions, may occur. The results of any such behavior on struc- 
tural loading and the possible alteration of the trajectory depend on 
the various forces imposed on the configuration at all possible flight 
attitudes. There is a need therefore for a systematic study of the 
aerodynamic characteristics of a wide range of possible shapes prior to 
the determination of possible extraterrestrial vehicles which make use 
of atmospheric braking for reentry . 

Considerable data including force as well as pressure-distribution 
measurements have been compiled on sharp cone and cone-cylinder config- 
urations at low angles of attack throughout the supersonic speed range. 
(See refs. 1 to 5*) The purpose of this investigation was to obtain 
force data on a series of cone and cone- cylinder configurations at 
angles of attack up to 130° at a Mach number of 6.83 and to compare the 
data with available theory. The analysis of the cone data was made with 
particular consideration of the regions in the vicinity of the maximum 
lift-drag ratio and the maximum lift coefficient, which are important 
parameters used in reentry trajectory calculations. (See refs. 6 to 9*) 
No consideration was given to aerodynamic heating; however, it may be 
expected that the necessary moderate blunting will alter the results and 
conclusions only slightly. 


SYMBOLS 


C = ^T 00 /^T W = 0.86 
C A 


axial-force coefficient, 
drag coefficient, 


£a_ 

<Lx> s 

I'd' - Ffc cos a 


<LoS 

average skin-friction coefficient, 

FL - Fb sin a 


1.328v/C 2v/3 S s q 

s* 3 s 


lift coefficient, 




increment of lift coefficient between (l/d) ttiby and Cl, max 

SCl 

lift-curve slope, 

6a 

Fn 

normal-force coefficient, 


rH O »H 
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C N a 

C P 

f a 


normal- force curve slope, 


da 


pressure coefficient, 



axial force along X-axis; positive direction, -X 
■base-pressure correction, (p^ - 


Fp' = Fjj sin a + F^ cos a 
F L = F n cos a - F a sin a 

Fjj normal force along Z-axis, positive direction, -Z 

L/D lift-drag ratio, Cp/Cp 

free-stream Mach number 
p local pressure 

Pb pressure on base of model 

p M free-stream static pressure 

q local dynamic pressure 

q^ free-stream dynamic pressure 

R local Reynolds number 

R m free-stream Reynolds number based on body length 

S planform area of model 

Sp base area of model 

S s total surface area excluding base area 

T w wall temperature 

T^, free-stream temperature 

a angle of attack, deg 

ha. increment of angle of attack between ( L / D )nax and C L 
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Si 


0 


V 

dw 

^00 


angle-of -attack location of maximum lift coefficient or maximum 
lift- drag ratio 


semivertex angle of cone 
wall dynamic viscosity 
free-stream dynamic viscosity 
Subscripts : 

local surface condition 

maximum or stagnation 


max 

min 


L 

1 

3 

0 

1 


minimum 


MODELS 


The models used for the present tests may be seen in the photographs 
shown in figures 1 and 2 and in the detail drawings shown in figures 3 
and 4. These models consisted of a series of six right circular cones 
having semivertex angles ranging from 5° to 45° and a series of four 
right circular cone-cylinder configurations having semivertex angles 
ranging from 5° to 20° and an afterbody fineness ratio of 6. All models 
were constructed of stainless steel and were attached directly to the 
strain-gage balance for angles of attack up to 25°. The models were 
attached to the balance by an auxiliary sting for the angle-of-attack 
range from 30 ° to 130 ° to make possible initial deflection settings on 
models with zero strut and balance settings. 


APPARATUS AND TESTS 


The tests were conducted in the Mach number 6.86 test section of 
the Langley 11- inch hypersonic tunnel. The boundary-layer thickness on 
the tunnel wall and hence the free-stream Mach number of this test sec- 
tion is dependent upon the stagnation pressure. For these tests, at an 
average stagnation pressure of 24 atmospheres and an average stagnation 
temperature of 675° F (to avoid liquefaction), the average free-stream 
Mach number was 6.83 and the average Reynolds number was 0.24 x 10° per 
inch. The absolute humidity was kept to less than 1.9 x 10“5 pounds of 
water per pound of dry air for all tests. Normal- and axial-force .data 
were obtained by use of a two-component strain-gage force balance through 
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an angle-of-attack range from 0° to approximately 130° at a sideslip 
angle of 0°. For the angles of attack up to 25° the model base pressures 
were measured, and the axial-force component was adjusted to correspond 
to a base pressure equal to the free-stream static pressure. Schlieren 
photographs were made at each angle-of-attack setting for all models, 
and the angle of attack was measured from the resulting negatives on an 
optical comparator. 


ACCURACY OF DATA 


The maximum uncertainties in the force coefficients for the indi- 
vidual test points due to the force-balance system are ±0.0l6 for the 
lift coefficient Cp and ±0.012 for the drag coefficient Cp. The 

stagnation pressure was measurable to an accuracy of ±0.06 atmosphere; 
the reading accuracy of the angle of attack was ±0.10°. 


THEORETICAL METHODS 


The aerodynamic force characteristics of the models at a Mach num- 
ber of 6.83 throughout the angle-of-attack range of this investigation 
were calculated, and the results are presented along with the experi- 
mental data. The methods used for the various characteristics are 
discussed in this section. 


Lift, Drag, and Lift-Drag Ratio 

The values of Cp, Cp, and L/D were calculated by use of a 
modification of the Newtonian theory. This particular modification 
was used successfully to predict the loads on circular cylinders at 
high angles of attack in reference 10. The modification consists of 
the use of the Newtonian relation C p ^ local = sin 2 & where 5 

is the deflection angle of the local flow and Cp^max is the stagnation- 
pressure coefficient. A value of Cp^max of 1.822 for M^ = 6.83 

determined from normal-shock theory and verified by experiment (ref. 10) 
was used, instead of the value of C pjInax of 2 determined from pure- 
momentum considerations (ref. 11). The integrated coefficients for 
both the cone and cone-cylinder configurations were determined by use 
of the basic Newtonian theory of reference 11 with the previously- 
mentioned modification incorporated, unless otherwise specified. 
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An approximation of the average skin-friction coefficient was made 
by use of the following equation, which was obtained from reference 12 
and modified for cones as suggested in reference 13: 

_ 1.328 /C 2/3 S s q 

° F n/r 3 S 

For the tunnel conditions under consideration, a constant value of C 
of 0.86 was taken. The Reynolds number used was calculated for condi- 
tions on the surface of the cone at an angle of attack of 0°. The skin 
friction estimated by this method was assumed to be constant with varying 
angle of attack and was considered only in the discussion of maximum lift- 
drag ratio which occurs at relatively low angles of attack for cones with 
varying semivertex angles . 


Lift -Curve Slope 

The calculation of the lift-curve slope of the right circular 

cones was made by use of the Newtonian impact theory (ref. 11) and the 
results of the exact theory (ref. 1*0- 

Reference 11 states that the lift-curve slope for slender cones as 
determined by the impact theory is 

J Q O 

(dCL/da) a _QO = (dCjj/da) a= QO = -^-(cos^Gy sin 2a) = 2 cos^Gy 

which reduces to the slender-body result of dCi/da = 2 per radian at 
a = 0°, and this conclusion is valid for cones where Gy -»0. However, 
for cones where Gy is larger than 0° the value of C]^ may be of 

different magnitude and/or sign. This result is due to the negative- 
lift contribution of axial, force to the over-all lift of the cone which 
is readily seen in the equation for lift in terms of normal and axial 
forces as follows : 


Cl = Cjj cos a - C^ sin a 


( 1 ) 


The axial force increases with increasing cone angle semivertex Gy, 
and for cones of very large angles the value of C^ sin a exceeds the 
value of Cjj cos a which results in a negative lift and hence a nega- 
tive slope of the lift curve -Cj^. 
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The calculations of the lift-curve slope by Newtonian theory 
(ref. 11) were therefore made in the following manner: 


C N = cos 2 0y sin 2a 
= 2 sin 2 0y + sin 2 a(l - 3 sin 2 0y) 

Combining equations (l), (2), and (3) and simplifying gives 

Cp = cos 2 0y sin 2a cos a - 2 sin 2 0y sin a - sin^a + 3 sin^a sin 2 0-^ 


Use of 


and 


results in 


sin 2a = 2 sin a cos a 


P O 

cos a = 1 - sin c a 


= sin 2 0y(-4 sin a + 5 sin^a) + 2 sin a - 3 sin'"’ a 


Differentiating with respect to a gives 
cLC 

- — = sin 2 0y(-4 cos a + 15 sin 2 a cos a) + 2 cos a - 9 sin 2 a cos a 
da 


Use of 


sin 2 a = 1 - cos 2 a 


results in 
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As equation ( 5 ) was derived, by use of the results of reference 11, 
it is referenced on the cone base area and uses Cp^ max of 2. The use 

of Cp^max = 2 instead of C p ^ max = 1-822 for this study of low angles 
of attack is discussed more fully in the section entitled "Results and 
Discussion." In this paper where the reference area is both the plan- 
form area and base area of the cone, the conversion factor is 


Base area 

= jt tan 0y 

Planform area 

The calculation of by use of the exact theory (ref. 14) makes 

use of the values of and C& for cones at an angle of attack of 0° . 

The assumption was made that these coefficients were unchanged for a 
change in angle of attack of 1°. These values of and were 

substituted into equation (l) along with the cosine and sine of 1° to 
obtain the values of as used in this paper and referred to as the 

exact theory. 


Maximum Lift 

The maximum lift coefficient CT, jT nay was determined by modified 
Newtonian theory where Cp^ max = 1.822. For models where the Cp^ max 

occurred at angles of attack greater than the respective semivertex 
cone angle 9y, the values of Ct, ;1 T isy were obtained from faired curves 
calculated by the equations of reference 11 and modified for the normal- 
shock Cp^ max and for reference area. For those models where the 

Cl, max occurred at angles of attack less than the respective semivertex 
cone angle, Cj was obtained by setting equation ( 5 ) equal to zero 

and solving for a. This value of a was substituted into equation (4) 
to determine the value of Cj. max • 

PRESENTATION OF RESULTS 


The force coefficients are referred to the stability axis system. 

The presentation of the data on the right circular cones and the right 
circular cone-cylinder configurations is made separately. The basic 
longitudinal data on the cones is given first along with the results of 
calculations made by the modified Newtonian theory. These data are 
followed by analysis studies of the important details of the longitudinal 
force results of the cones and further comparisons with theoretical cal- 
culations. The basic longitudinal data on the cone-cylinder configurations 
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is then presented along with the theoretical results and analysis figures. 
The scatter of the data above an angle of attack of 25° was due in part 
to the use of the auxiliary sting which supported the models . The fig- 
ures presented are as follows : 


Figure 


Basic longitudinal force characteristics in pitch of cone 
models having semi vertex angles of: 

e v = 5 ° 

0y = 10° 

e v = 15° 

e v = 20° 

0y = 30° 

0v = ^5° 

Schlieren photographs of right -c ire ular- cone models 

Variation of lift-curve slope with cone semivertex angle . . . . 

Variation of maximum lift coefficient with cone semivertex 

angle 

Variation of maximum lift-drag ratio with cone semivertex 

angle 

Variation of the lift coefficient at (L/D) max and of the 

lift-drag ratio at Climax with cone semivertex angle 

Variation of the increments of angle of attack and lift 
coefficient between (L/D) max and Cp may with cone 
semivertex angle 


Basic longitudinal force characteristics in pitch of cone- 
cylinder models having semivertex angles of: 

0V = 5° 

0 V = 10° 

0y = 15° 

0 V = 20° 

Schlieren photographs of right circular cone-cylinder 
models 


Variation of maximum lift-drag ratio with semivertex angle 
for cone-cylinder models 
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6 

7 

8 
9 

10 

11 


12 


13 

H 

15 

16 


17 

18 

19 

20 


21 


22 


Correlation of various lifting bodies 


23 
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RESULTS AND DISCUSSION 


Lifting Cone Configurations 

Basic cone data and theory .- A comparison of the basic experimental 
data and calculations made by use of the modified Newtonian theory 
(where Cp jmax = 1.822) is made in figures 5 to 10 for the cones having 
semi vertex angles ranging from 5° "to 45°, respectively, with the plan- 
form area as the reference area. As the primary emphasis of this paper 
is on the high angle-of-attack range where the shocks are detached and 
a stagnation point or line is on the body, the modified Newtonian theory 
was used. The value of Cp ; mav of 2 (ref. 11) should be used for the 

low angle-of-attack range so that closer approximations may be obtained, 
as may be seen subsequently in the discussion of the initial lift-curve 
slope . The results of the comparison between the calculations based on 
the modified Newtonian or impact concept with experimental data show 
nothing unusual. As expected, the theory gives excellent predictions 
of trends of the force characteristics, the location with respect to the 
angle of attack of the points of maximum lift, maximum drag, and maximum 
lift-drag ratio, and predictions of the exact values of the coefficients 
with sufficient accuracy for use in determining the over-all character- 
istics of the cone . Generally, the variation between the experimental 
data and theoretical estimates increases with cone semivertex angle . 

At low angles of attack the lift-drag ratio of the sharper cones, where 
the effects of skin friction are appreciable compared to the effects of 
pressure forces, is overpredicted by the theory. For the over-all range 
of cone semivertex angles and the range of angles of attack tested, both 
the trends in the variation of the lift coefficient with angle of attack 
and the values of the individual points are more consistently predicted 
than are the trends and values of the drag coefficient . 

Schlieren photographs of all cone models are presented in figure 11 
for a range of angles of attack from 0° to 90 ° • The method of model 
support is apparent in this figure for angles of attack above 30 °. 

Reference area .- Although the planform area was used for reference 
in the presentation of the basic data, other reference areas were con- 
sidered during the analysis. These references were primarily the base 
area of the model and the volume of the model to the power of 2/3- When 
these reference areas are equated to the planform area, the conversion 
is found to be a function of semivertex angle 9y as shown in the 
following equations : 


Planform ar ea _ 1 

Base area “ n tan Qy 


ho H H 


H H 
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Planform area 


Volume 2 /^ 


m 

jt 2 /'* tan 1 /^0y 


These equations may he used to convert the plotted experimental or theo- 
retical values to a new reference area. It should he noted, however, 
that the conversion ratios for both reference areas (that is, the ratio 
of the p la nform area to the base area and the ratio of the planform area 
to the volume to the power of 2/3) have tangent 8y functions in the 
denominator; therefore, the results shown by a plot having 6y as the 
variable will approach either 0 or °° as 9y -> 0° depending on the 
parameter. In order to be consistent the planform area was used on all 
analysis plots, and the use of the base area and the volume to the 
power of 2/3 as references was discussed where applicable. 

Cone lift-curve slope .- The variation of the initial lift-curve 
slope is shown in figure 12 for cones of various semi vertex angles. 

The data are shown for both base-area and planform-area reference and 
are compared with the slopes calculated by use of the Newtonian theory 
and a variation of the exact theory as discussed in the section entitled 
"Theoretical Methods." The lift-curve slope is important in the deter- 
mination of equilibrium flight conditions for a lifting-body-type vehicle, 
to establish the attitude of flight, and in the determination of the 
over-all performance. The dynamic stability of either a ballistic or 
lifting vehicle is affected greatly by this stability derivative as it 
is an important contribution to the damping of the longitudinal short- 
period mode, especially for short-coupled vehicles. 

Figure 12 shows that reasonable values of the slope C]^ may be 
obtained by use of either the Newtonian or exact theories and that the 
two theories give nearly the same results for a change in angle of 
attack of 1°. The agreement between the experimental data and the 
theoretical estimates is reasonably good considering that at these low 
angles of attack the experimental forces were low and that the slopes 
were obtained from faired curves . Both theory and experiment show that 
as the cones become blunter (higher semi vertex angles) the lift-curve 
slope decreases and becomes zero for cones having semivertex angles 
of 45°. For higher semivertex angles than 45° the lift-curve slope 
becomes negative; thus, the dynamic stability characteristics of any 
cone-shaped vehicle would be adversely affected. This effect further 
indicates that the lift contribution may be negative if the configura- 
tion is sufficiently blunt. The data point shown in figure 12 at 
9y = 90° represents a flat disk from reference 15. The use of the 
planform area for reference is usually made for lifting-type bodies or 
vehicles. In this connection it may be seen that there is an optimum 
cone semi vert ex angle for the development of the lift -curve slope . A 
conical lifting body having a semivertex cone angle of about 26 ° would 
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produce the most positive lift per degree of angle of attack. The 
curves of the lift-curve slope based on planform area and base area 
cross at a semi vertex angle of 17.68°. A cone with this semivertex 
angle has a planform area equal to the base area. Equating the equa- 
tion for planform area to the equation for base area and solving for 
the semivertex angle 8 shows that the two areas are equal for a cone 

where 8y = tan -1 l/7t = 17.68°. The results when the volume to the 

power of 2/3 is used as reference are quite similar to the results when 

the planform area is used as reference except that the maximum Cq^ 

occurs at 8y = 22 . L 

Maximum lift .- The variation of the maximum equilibrium lift coef- 
ficient and the angle of attack at which it occurs with cone semivertex 
angle is presented on figure 13 • As the maximum lift coefficient deter- 
mines the minimum speed for a given altitude that a vehicle can sustain 
level flight as well as being a factor in the longitudinal dynamics of 
a configuration and a parameter used in reentry trajectory calculations, 
it is important that it be given particular consideration. A study of 
the experimental and calculated results given in figure 13 shows that 
there is a gradual increase in the maximum lift coefficient with 
increasing cone semivertex angle up to a maximum which occurs at a 
semivertex angle of approximately 25°. For semi vertex angles greater 
than 25°, a rapid decrease in C T<jT nRy occurs with increasing 8y until 

C L max = 0 for a cone having 0y = 45°. The experimental values for 
9y = 0° plotted in this figure and other figures in this paper are for 
a circular cylinder. (See ref. 10.) The angle of attack at which the 
maximum lift occurs decreases from an angle of 55° for a cone having 
9y = 0°, or a circular cylinder, to = 0° for the blunt cone having 
9y = I+5 0 . It appears that both the maximum lift coefficient and the 
angle of attack at which it occurs are both predicted with reasonable 
accuracy by the Newtonian concept. As is well known, the exact theory 
predicts that the shock detaches from cones having a semivertex angle 
of approximately 56° and above at an angle of attack of 0° for = 6.83. 

From figure 13 it may be observed that when a cone is at an angle of 
attack such that its windward surface is oriented at about 56° to the 
flow, the maximum lift occurs. This phenomenon is denoted in figure 13 
by a plot of the equation 9y + £% = 56° which for all semivertex angles 
below approximately 40° gives about as good an estimate of the angle of 
attack where Cq jinax occurs as does the Newtonian theory. 

A careful examination of the schlieren photographs (fig. 11 ) through 
the range of angles of attack near Cq m RY shows that the shock profile 
adjacent to the body surface changed from straight to curved with 
increasing angle of attack. This curvature of shock profile was in addi- 
tion to that downstream of the base of the body due to the expansion of 


H O <H 



13 


the flow around the base of the model. The change was not abrupt but 
rather gradual over the angle-of-attack region where Ct. max occurred. 

Maximum lift-drag ratio .- The variation of the maximum lift-drag 
ratio and the angle of attack at which it occurs with cone semivertex 
angle are presented in figure 14. The maximum lift-drag ratio of a 
lifting reentry body is important in the determination of the maximum 
range, maximum deceleration, aerodynamic heating, loading, and control 
during reentry trajectory calculations. For a given vehicle the maximum 
range and minimum-peak deceleration occur when reentry takes place at 
(L/D) max . For low heating rates both a high L/P and Cp are desirable. 
If a low total-heat input is required and a high deceleration is accept- 
able, reentry at low values of L/P and is desirable. 

Calculations of (L/p) mBY are presented with and without estimated 
skin friction and were made as described in the section entitled 
"Theoretical Methods." Without the addition of skin friction, the same 
results are obtained with either Newtonian or modified Newtonian theory . 
Figure 14 shows that the decreases and the angle of attack 

at which (L/ D )max occurs increases with increasing cone semivertex 
angle. Similar effects are experienced by a body when the bluntness and 
hence drag is increased. The addition of skin friction to the Newtonian 
calculations of L/D improved the over-all theoretical estimates par- 
ticularly for the cones having small semivertex angles. No curve was 
included for the angle of attack where (L/D) mRV occurs for the case 
with skin friction although calculations show that the angle of attack 
would increase only about 1° for any given semivertex angle . The modi- 
fied Newtonian calculation of (L/P) mpy with skin friction more nearly 
predicts the wind-tunnel results than does the Newtonian calculation 
with skin friction. At the low angles of attack where (L/p) mpv occurred 
for all bodies tested, the Newtonian calculation should have given the 
closer approximation. This difference between the Newtonian and exper- 
imental results gives an idea as to the magnitude of the possible 
error in the skin-friction estimate . From this study of the experimental 
and calculated maximum lift-drag ratios for sharp cones of various semi- 
vertex angles, it appears that the maximum lift-drag ratio that may be 
expected is not greater than about 3.5 for low Reynolds number laminar- 
flow conditions and this value may be expected only for slender cones 
having semi vertex angles of less than 5°. The semivertex angles for 
maximum lift-drag ratios of 2 , 1 , and l /2 are about 8 °, 16 . 5 °, and 26 °, 
respectively. 

Lift at maximum lift-drag ratio .- The variation of the lift coef- 
ficient at the point of maximum lift-drag ratio is given in figure 15 
for cones having various semi vertex angles. The lift coefficient at 
(L/P) max increases with increasing cone semi vertex angle and reaches 
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a maximum of almost 0.5 for a 28° semi vertex angle cone, and decreases 
rapidly thereafter to zero for a 45° semi vertex angle cone. The use of 
either the base area of the volume to the power of 2/5 as reference area 
gave similar trends to those shown in figure 15 where the planform area 
was used; however, the calculated curves attained maximum values at 
lower cone semivertex angles of approximately 21° and 26 for base area 
and volume to the power of 2/3, respectively. 

Lift-drag ratio at CL >m ax -~ Also presented on figure 15 are the 
values of L/D taken at the point of Cl, max for various semivertex 

angles . The values of L/D remain relatively constant for cone semi- 
vertex angles up to approximately 20° and then decrease gradually to 
zero for a 45° semi vertex angle. 

Increments of a and C L between (L /D) mnr and CT.. mHy .- The 

calculated and measured values of the increments of angle of attack and 
lift coefficient between the values of maximum lift-drag ratio and maxi- 
mum lift coefficient are presented in figure 16, and both decrease 
rapidly with increasing semi vertex angle. As noted in the discussion 
of maximum lift-drag ratio presented in figure 14, the (L/D ) mnY 
decreases with increasing 6y; therefore, both the increments of a and 
Cl between (L/D) mRY and Cl, max also decrease with decreasing 

(L/D) max . The calculated results by use of the modified Newtonian theory 
give excellent predictions of these increments for the conical bodies 
tested. 

Determination of optimum conical lifting-body vehicles .- The fore- 
going study of a series of conical bodies having semi vertex angles up 
to 45° makes it possible to make a first approximation as to what con- 
figuration might be optimum based on the parameters Cl and L/D which 
are two of the more important force characteristics for reentry trajec- 
tory calculations. The maximum lift-curve slope occurs for a cone having 
a 26° semi vertex angle. The maximum lift coefficient occurs for a cone 
having a 24° semivertex angle. The product of the value of Cl at 
(L/D)max 8114 the value of L/D at Cl M t reaches a maximum for a 
cone having a 23° semivertex angle . This result indicates that the cone 
having a 23° semivertex angle is the best compromise in the region 
between ( L / D )max c L,max* Such a conical body could be expected 

to have a maximum lift -drag ratio of approximately 0.6 and Ax and 
ACl between (L/D^y and C T , ; TOR y of approximately 11° and 0.09, 
respectively, and would have a positive lift-curve slope. The final 
optimum body shape would have to be selected on the basis of allowable 
weight, size, and aerodynamic heating, which are criteria beyond the 
scope of the present paper. 
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Lifting Cone-Cylinder Configurations 

Basic cone-cylinder data and theory .- A comparison of the basic 
experimental longitudinal force characteristics and calculations made 
through the use of the modified Newtonian theory (where Cp ;inax = 1.822) 
is shown in figures 17 to 20 for right circular cone-cylinder configura- 
tions having semivertex angles of 5° to 20° and an afterbody fineness 
ratio of 6. For these data, the planform area was used as reference. 

For those who wish to use the base area as reference the following ratios 
of planform area to base area are given: 


8y , deg 

s/s b 

5 

11.279 

10 

9M3 

15 • • • • • 

8.827 

20 

8.51^ 


A study of these data shows that the modified Newtonian theory 
gives excellent predictions of the trends of the lift and drag forces 
with varying angle of attack and the points within the angle-of-attack 
range where the maximum lift, maximum drag, and maximum lift-drag ratio 
occur. In general, the accuracy with which the predicted forces may be 
made on the cone-cylinder configurations studied herein is superior to 
that made by the same method on the simple cone configurations. This 
result can be explained by the fact that the cylindrical portion of the 
cone-cylinder configurations makes up the larger portion of the config- 
uration and that the basic Newtonian or impact concept assumes that the 
shock lies close to the surface as may be seen in the schlieren photo- 
graphs in figure 21 for the detached-flow conditions around the windward 
or high-pressure side of the cylindrical afterbody. As no skin friction 
was taken into account, the results of the lift -drag- ratio calculation 
are much more in error for the configurations with the higher fineness 
ratios, but greatly improve with increasing cone semi vertex angle where 
the over-all effects of the viscous forces are reduced. As expected 
from the study of the conical-body series, the angle of attack for maxi- 
mum lift-drag ratio increased with the increased drag of the blunter 
cones, and the point at which the maximum lift occurred remained nearly 
fixed. A summary of the maximum lift-drag ratios and the angle of attack 
at which they occur is presented in figure 22 for the series of cone- 
cylinder configurations tested. 
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Correlation of Lifting Bodies 

A correlation of Loth the cone and the cone-cylinder configurations 
of the present paper is shown in figure 23 , which makes use of the 
relations CL,max/ c D,min and (l/dJjj^. as used and discussed in 
references 16 and 7* This type of plot was used in reference 16 to 
correlate a large variety of lifting bodies, and the importance of the 
ratios Cp max/^D,min (L/P) mpv in the minimization of satellite 

reentry acceleration was discussed in reference 7- In addition to the 


data of this investigation, several points taken from the data of the L 
spherically blunted right circular cones of reference 16 which had nose 1 
bluntnesses equal to 0.2 of the base diameter are plotted in figure 23. 3 
When the lift and drag data for the several models are plotted as shown 0 
in figure 23, a relatively smooth curve, which is predicted with reason- 1 
able accuracy by the Newtonian theory, results. 


Figure 23 shows the possibility that if experimental studies of a 
body are made up to an angle of attack high enough to obtain (L/D) max 
the value of Cp max could be approximated from the curve of this 
figure; thus, the determination of force characteristics can be made. 


CONCLUSIONS 


Analysis of experimental data obtained from tests at a Mach number 
of 6.83 and a Reynolds number of 0.24 X 10° per inch made in the Langley 
11-inch hypersonic tunnel on right circular cones and right circular 
cone-cylinder configurations having an afterbody fineness ratio of 6 
leads to the following conclusions : 

1. The Newtonian or impact theory gives excellent predictions of 
trends of the force characteristics of all configurations tested and the 
locations with respect to the angle of attack of the points of maximum 
lift, maximum drag, and maximum lift-drag ratio. Generally, the calcu- 
lations by the Newtonian concept predict the experimental results with 
greater accuracy for those configurations having the higher fineness 
ratios, particularly, for those configurations where the windward shock 
lies close to the body surface . 

2. For a change of 1° in angle of attack of conical bodies, either 
the Newtonian or exact theory gives excellent predictions of the sign 
and magnitude of the initial lift-curve slope. Both the theoretical 
predictions and the experimental data give values of the lift-curve 
slope that are negative for cones having semivertex angles of 45° and 
greater . 
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3. For those cones having semivertex angles between 0 ° and 90 °) a 
cone having a semivertex angle of approximately 26° exhibits the highest 
positive value of initial lift-curve slope. 

4 . A gradual change in the shock-profile shape adjacent to the body 
surface from straight to curved takes place over the angle-of-attack 
range near the maximum lift coefficient. The maximum lift coefficient 
is essentially constant at a value of approximately 0.5 based on plan- 
form area for cones having semivertex angles up to approximately 30°. 

The angle of attack at which the maximum lift occurs is predicted rea- 
sonably well by either the Newtonian theory or by the empirical relation 
which states that the sum of the angle of attack at which the maximum 
lift occurs and the cone semivertex angle is equal to 56°. 

5 . The maximum lift-drag ratio that may be expected for a cone is 
not greater than about 3*5 and this value might be expected for slender 
cones having semi vertex angles of less than 5 °* The semi vertex angles 
for maximum lift-drag ratios of 2, 1, and l/2 are about 8°, 16.5°, and 
26°, respectively. 

6. The increments of angle of attack and lift coefficient between 
the maximum lift-drag ratio and the maximum lift coefficient for conical 
bodies decrease rapidly with increasing semivertex angle and decreasing 
maximum lift-drag ratio and are well predicted by the modified Newtonian 
theory . 


7 . Based on the values of the lift coefficient and the lift-drag 
ratio, the optimum conical lifting body within the limiting semi vertex- 
angle range of 0° to ^5° has a semivertex angle of 23° and could be 
expected to have a maximum lift-drag ratio of approximately 0.6 and 
increments of angle of attack and lift coefficient between the maximum 
lift-drag ratio and the maximum lift coefficient of approximately 11° 
and 0.09, respectively, and would have a positive lift-curve slope. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., March 17 , 1961. 
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Photograph of cone-cylinder models having an afterbody fineness ratio of 6. 
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Figure 10.- Longitudinal force characteristics of cone having 45° semi 
vertex angle. = 6.83; Ho, = 0.274 x 10^. 
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(a) Cone models having 5° and. 10° semivertex angles. L-bl-1065 


Figure 11.- Schlieren photographs of right-circular-cone models 
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Figure 13.- Variation of maximum lift coefficient and the angle of attack at which it occurs 
with cone semi vertex angle for right circular cones. = 6 . 83 - 















Figure l6. - Variation of the increments of angle of attack and lift 
coefficient between (L/D) max and C^ max with cone semivertex 

angle for right circular cones. = 6.83. 





Figure 17- - Longitudinal force characteristics of a cone- cylinder 
configuration having a 5 ° semi vertex angle and axi afterbody 
fineness ratio of 6. M ro = 6.84; = I .37 x 10°. 



Figure 18.- Longitudinal force characteristics of a cone- cylinder 
configuration having a 10° semi vert ex angle and an afterbody 
fineness ratio of 6. Moo = 6.83; Roo = 1.15 x 10^. 








Figure 20.- longitudinal force characteristics of a cone-cylinder 
configuration having a 20° semi vertex angle and an afterbody 
fineness ratio of 6. M*, = 6.83; Ro, = 1.01 x 10^. 
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(a) Cone -cylinder models having 5 ° and 10 ° semivertex angles. 

Figure 21 .- Schlieren photographs of right circular cone-cylinder models 
having an afterbody fineness ratio of 6. M^, = 6.86. 








(b) Cone-cylinder models having 15° and 20° semivertex angles 
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■e 22.- Variation of maximum lift-drag ratio and the angle of attack at which it occurs 
.th cone semivertex angle for cone-cylinder configurations having an afterbody fineness 
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t Figure 23.- Correlation of data of various lifting bodies by use of the 

longitudinal forne parameters . 
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